The dimerization of gramicidin, a 15-residue membrane peptide, in solution can be viewed as a model for protein-protein interactions. We reported previously that the dimer can be observed when electrosprayed from organic solvents and that the abundances of the dimer depends on the dielectric constant of the solvent. Here, we report an effort to determine an affinity constant for the dimerization of gramicidin by using gas-phase abundance. Two issues affecting the determination are the electrospray-induced dissociation of the dimer and discrimination in the electrospray of the dimer compared with the monomer. Other methods developed for the purpose of determining affinity from mass spectral abundance do not address the dissociation of the complex in the gas phase or can not be applied for cases of low affinity constant, K a . We present a mathematical model that uses the ratio of the signal intensities of the dimer and the monomer during a titration. The model also incorporates the dissociation and an electrospray ionization-response factor of the dimer for extracting the affinity constant for the dimerization of gramicidin. The dimerization constants from the new method agree within a factor of two with values reported in the literature. (J Am Soc Mass Spectrom 2005, 16, 1031-1038 
S oft-ionization techniques now permit the introduction of biomolecule complexes into the gas phase [1] [2] [3] [4] [5] [6] [7] . Of interest to us is the dimer of gramicidin, which can enter the gas phase by electrospray ionization (ESI), and its abundance depends in a predictable way on the hydrophobicity of the organic solvent used in ESI [8] . The ability of gramicidin, a 15-residue membrane peptide, to form dimers in solution and in cell membranes determines its biological function. Its small size and stable structure have made it suitable for study by two-dimensional and threedimensional nuclear magnetic resonance, X-ray crystallography and Circular Dichroism (CD) (for reviews, see [9 -13] ). Thus, its properties in the gas phase and the relation of those properties to those in solution is of importance.
Our specific goal is to determine the solution equilibrium constant for the dimer from the signal intensities for the monomer and the dimer in the gas phase. We considered literature methods whereby two signals are measured by ESI mass spectrometry to obtain an affinity constant; these approaches make use of the measured intensity ratios of the complex and the protein in the gas phase when the ligand is in excess [14 -18] . Although ESI can introduce noncovalent complexes of peptides and proteins to the gas phase [3, 19, 20] , the differences in the ionization efficiency of proteins and protein-ligand complexes [21, 22] challenge the assumption that both are ionized with equal efficiency. The discrimination may not be serious for proteins and their complexes that have similar masses [23] , explaining in part why direct measurements can be valid. For weakly bound complexes and for those that have significantly different masses than the peptide or protein (e.g., peptide-peptide and protein-protein complexes), problems with this approach will be more likely.
Dealing with these problems requires an understanding of the factors that affect ESI response. A partition model or another that estimates ESI response from charge gradients within the charged droplets was brought forward for that purpose [24 -27] . Furthermore, a relative ESI response may be predictable from gasphase proton affinities, nonpolar properties, or chromatographic retention times of the analytes [28 -30] . Success in these predictions also reveals aspects of the mechanism for ion formation in ESI and for discrimination during the process. For example, hydrophobic molecules that rise to the surface of an ESI-produced droplet have a better chance of being ionized. These ideas, however, are difficult to apply to a complex that is being studied for the first time.
Two related approaches can afford affinities: stability of unpurified proteins from rates of hydrogen/deuterium (H/D) exchange (SUPREX) [31] and proteinligand interactions by mass spectrometry, titration, and H/D exchange (PLIMSTEX) [32] (for a comparison, see [33] ). These indirect approaches give equilibrium constants and avoid the problem of discrimination by using a one-signal (m/z) approach. The needed measurement is the extent of H/D amide exchange in solution as a function of ligand concentration (PLIMSTEX) or denaturant concentration (SUPREX). The extents of exchange are fixed in the protein by quenching the exchange and measured by mass spectrometry. A significant advantage of PLIMSTEX and SUPREX compared with direct equilibrium measurement is that the experiments can be conducted in biologically relevant buffers as the sample can be desalted in a quenched state before injection into the mass spectrometer. A disadvantage is that they rely on H/D amide exchange, which does complicate their experimental implementation. Therefore, we considered other direct methods that make use of signal intensities for the gas-phase complex (and the protein) but use titration and modeling to obtain equilibrium constants and response factors from ESI of molecules involved in equilibrium [17, 34] .
In the most advanced two-signal method developed thus far [35] , the concentrations of the protein and the ligand are varied, while the ratio of the protein-ligand concentrations is kept constant at unity. The signal intensities corresponding to the complex and the ligand are then measured by the mass spectrometer. A model fits the titration data and obtains both K a and a response factor. Although the method is an important step forward, it applies only to 1:1 systems. We presented a preliminary report [36] of another two-signal method to obtain an affinity constant for the binding of RNA to drugs. A limitation of these related methods is that they do not take into account the ESI-induced dissociation of the complex, which is likely when the complex is weakly bound [37, 38] . We are particularly concerned about this problem for gramicidin dimers [8] .
Dissociation of weakly bound complexes in ESI, however, was considered in a new, one-signal approach whereby the measured abundance of the complex as a function of ligand concentration is modeled to give both a response factor and the equilibrium constant [34] . Although the approach affords good reproducibility, in part by using automation, the use of absolute intensities in a mass spectrum can pose problems when wide applicability is sought. First, local variations in the spray or in the spectrometer will affect intensity and the K a determination [39] . Second, for complexes with a low K a , the method is difficult to apply because the signal intensity for the complex will be weak unless concentrations are high. Third, as the concentration of complex is increased, as it must in a titration, the charge in the ESI-produced droplet may be insufficient to ionize the same fraction of molecules as at a lower concentration [39 -42] .
Thus, we sought another mass spectrometry approach for determining the dimerization affinity of gramicidin. We recognize the need for a two-signal method that overcomes limitations of the previously described direct methods. The method development is motivated because (1) gramicidin has a low K a [43] , indicating that the titration must be done at high concentrations to admit appreciable amounts of dimer in the gas phase; (2) a fraction of the dimer does dissociate during ESI (as reported in [8] ); and (3) a model should assume no prior knowledge of the various physicochemical properties of the analytes or solvents. The model building starts with the one we used for PLIMSTEX [44] and is described in the next section of this article.
Experimental Procedures

Materials
Gramicidin D was purchased from ICN Biochemicals (Costa Mesa, CA) and was used without further purification. The solvents ethanol and n-propanol were purchased from Sigma-Aldrich (Milwaukee, WI). The solutions of gramicidin were made by dissolving gramicidin in the appropriate solvent (i.e., ethanol and n-propanol) to a concentration of 2 mM. The solutions were then diluted to the requisite concentration before injection into the mass spectrometer.
Mass Spectrometry
Mass spectra of gramicidin in various solvents were acquired with the Q-Tof-Ultima (Micromass, Manchester, UK) operated in the positive-ion mode. This instrument was a tandem mass spectrometer, consisting of a quadrupole (Q) mass analyzer, a quadrupole collision cell, and a second-stage time-of-flight (TOF) analyzer. Gramicidin was incubated in the ESI solvent before the mass spectrometry experiment. The ESI conditions were optimized for the highest sensitivity detection of the dimer. The needle voltage was 3 kV, and the cone voltage was 90 V. The temperatures of the source block and for desolvation were 90°C. A flow rate of 10 L/min was used. All parameters (e.g., aperture to the TOF, transport voltage) were optimized to achieve maximum sensitivity and a mass resolving power of 10,000 (full width at half maximum).
ESI was performed by using n-propanol or ethanol solutions of gramicidin after saturating the solvents with NaCl, by adding 0.1 mg of the salt to the solvent, stirring with a vortex mixer, and centrifuging before introducing the supernatant into the mass spectrometer.
The percent of dimer found in these experiments was calculated by integrating over the whole spectrum by using the integrate function of the "mass lynx" software of the spectrometer and then computing the ratio of the intensity of the ion signal of interest to that of the sum of the monomer and dimer signal intensities [8] . The spectra were a sum of 2-s scans over 2 min, and the spectra were smoothed twice using a three-point Savitzky-Golay method.
Modeling
To obtain affinity constants from the titration data, a model for the specific case of self-association was developed and implemented in Mathcad 2001i (MathSoft, Inc., Cambridge, MA). The model is a modified version of the one used for PLIMSTEX [44] , and it is used in a parameter-estimation mode that minimizes the difference between the experimental data representing the titration curve and the corresponding model outcome.
The unknown model parameters include the ␤'s involved in the self-association or self-binding of the monomer to form up to N oligomers. Each ␤ j value ( j ϭ 0 -N) is the product of macroscopic binding constants K, (i ϭ 1-j), as shown in eq 1 for the present case of gramicidin.
The equations for the ␤'s in terms of the K's, in general, depend on the reaction diagram. The jth oligomer solution concentration is given by
is the free solution monomer concentration. Using ␤'s for defining the oligomer concentrations was more economical in terms of the equation expression and model implementation and subsumes the more general case when the reaction diagram is not sequential. Equations for the K's were obtained by solving the system shown in eq 1 and were used to calculate the affinity constants. The total analytical monomer concentration [Lig] T , which is adjusted to bring the equilibrium to a given point on the titration curve, is accounted for in eq 2 because the jth oligomer consumes j ϩ 1 monomer molecules.
The titration curve was produced by varying the independent variable [Lig] T 
Model parameters also include the ESI-response factors G i . The ESI-response factors describes the effect of ESI on the detection of the solution concentration of the oligomer complex, incorporating the discrimination of ESI relative to that of the monomer. ESI-response factor replaced the individual ⌬D's that were used to describe amide exchange for PLIMSTEX. The function for the total relative intensity of an oligomer signal S j (in the gas phase) is shown in eq. 4.
where G j is the relative ESI-response factor for the ( j ϩ 1)th oligomer compared with that of the monomer (e.g., the ESI-response factor for the dimer is G 1 ). Each product in eq 4 is a G-weighted solution concentration of an oligomer before a common factor of [Lig] was canceled from both the denominator and the numerator. The denominator corresponds to the sum of the signals for the monomer and all of the oligomers measured by the mass spectrometer.
The absolute total signal (the sum of peak intensities for the monomer and all the oligomers) was also compared with that predicted by the model, S T . The equation is (denominator in eq 4 before [Lig] is canceled)
This comparison was not used in the calculation of K a , but it was used to check the appropriateness of the start values.
To allow the program to find a reliable solution for the unknown model parameters, the search was started at "good-guess" values for the parameters. Good-guess values were obtained by manually revising the guessed parameters until the computed model outcome compares favorably with the experimental data. The graphs for this comparison were also displayed by Mathcad. The Mathcad "Minimize" function was then used to refine the sought-after minima by minimizing the square root of the mean of the squares of the differences between the data and the corresponding model outcome over the relevant concentration range of the titration. The minimization was a nonlinear, quasi-Newtonian method. All of the requirements for the correct application of non-linear least squares (NLLS) regression [45] [46] [47] are assumed to be satisfied.
The search was implemented at two levels. Each level (one for the ESI-response factors and the other for the ␤'s) implements its own search process with a distinct set of parameters to be searched and a different root mean squares (RMS) method for comparison of the model outcome to the corresponding experiment data. For the highest level search, the parameters were the ␤'s, and the RMS was computed for the residuals between the total relative intensity of an oligomer signal S j (as in eq 4) and the corresponding experimental values for all points on the titration curve. For the next level search, the parameters were the ESI-response factors, and the RMS was computed for the residuals between the absolute total signal (as in eq 5) and the corresponding experimental values for the points at ligand concentrations that are lower than those that exhibit evidence of ESI signal saturation. This comparison was made after normalizing each curve to one at the highest used ligand concentration. Each trial in the search for the highest level causes a new search at the lower level because the trial parameter values at the highest level can affect the lower level search result (as is evident from the presence of ␤ in eq 5).
Results and Discussion
There are a variety of mass spectrometry-based methods to measure the affinity constant for self-association of gramicidin, which is the principal goal of this work. Most of the newer methods do deal with one or more of the problems of determining the equilibrium concentrations in solution by measuring corresponding ion abundances in the gas phase, as was described in the introduction. Our strategy is to use the modeling features of PLIMSTEX, without the need for H/D exchange, to determine the self-association of gramicidin. We modified the equations in [44] for application to self-association (in which the protein and ligand are the same) and used "self-titration" data to determine the affinity constants and ESI-response factors for the monomer and dimer.
Application to Self-Association of Gramicidin
We chose n-propanol and ethanol as solvents for the self-titration because they allow an appreciable amount of gramicidin dimer to be introduced into the gas phase [8] . Furthermore, the association constants for gramicidin in ethanol and n-propanol are available for comparison, having been determined by high-performance size exclusion chromatography (HPSEC) and fluorescence [43] . A plot of relative amounts of dimer and monomer produced by ESI from n-propanol in the gas phase as a function of analytical concentration (points in Figure 1 ) shows that the amount of dimer increases initially, with a corresponding decrease in the amount of the monomer, and then levels off at approximately 70%, instead of asymptotically reaching 100%. This is likely caused by dissociation of the dimer on ESI and is consistent with the conclusions from our previous study where the signal intensity for dimer of gramicidin reached a maximum level of 68% as the dielectric constant of mixtures of spray solvent was varied [8] .
The first issue we addressed when applying the model to gramicidin dimerization was the dissociation of the dimer accompanying ESI [8] . To incorporate dissociation into the model, we assumed that a doubly charged dimer dissociates into two singly charged monomers, both of which would be detected. This assumption is reasonable because protein dimers in high charge states dissociate on collision-activated dissociation in a symmetric fashion [48] , and the 2ϩ state of the gramicidin dimer is a high charge state for that species [8] . To account for the dissociation in the modeling, the total relative intensity of the signals S j (eq 4) is rewritten for the gramicidin dimer and monomer as eqs 6a and 6b, respectively:
where df is the fraction of the dimer 2ϩ decomposing to two monomer ions in the process of electrospray. In the second line of eq 6a, [D] and [M] represent the solution concentrations of dimer and monomer, respectively. Finally, the expression for the absolute total signal was written to give eq 7:
To solve for the parameters, the search described in the methods section was modified by adding a third level below the levels that solve for ␤ and G. The parameter searched at this new level is the dissociation factor, df. The dissociation factor is best expressed toward the end of the titration curve (i.e., in the high concentration points where the curve is near its asymptote). This can be seen by noticing that eq 6a becomes 1 Ϫ df/1 ϩ df in the limit of high total ligand concentration (i.e., when the [D] Ͼ Ͼ [M]). Accordingly, the RMS for this new search was computed from the residuals between the total relative intensity of the dimer signal S j (as in eq 6a) and the corresponding experimental values for the three high ligand concentration points on the titration curve. In the self-titration curve of gramicidin in propanol (Figure 1) , for example, the points for concentrations Ն50 M were used for the calculation of df.
The K a values for the dimerization of gramicidin from the model agree well with the literature values in the two solvent systems, supporting the validity of the approach. The fitted model returned a value of 5 Ϯ 1 for the ESI-response factor for the dimer when introduced by ESI from n-propanol and a K a ϭ 5 Ϯ 3 ϫ 10 4 (literature value for K a is 1.4 ϫ 10 4 [43] ). The model fits the data with an RMS value of 0.2. For dimerization in ethanol, the model returned a value of 1.3 Ϯ 0.2 for the ESI-response factor for the dimer and a value of 6 Ϯ 1 ϫ 10 3 for K a (literature value for K a is 1 ϫ 10 4 [43] ). Reasons for the differences in ESI-response factors for gramicidin in n-propanol and in ethanol and the implications of response factor for mechanism of ESI are discussed later.
The calculated values of df in n-propanol and ethanol are 0.15 Ϯ 0.01 and 0.19 Ϯ 0.01, respectively. We reasoned in our earlier publication [8] that dissociation of some dimer must occur on ESI because the dimer signal, which increases linearly as the dielectric constant of the ESI solvent decreases, levels off at 68% [8] . Using eq 6a in the limit for those data returns a value of 0.19 for df, which agrees well with the values calculated here. Although the internal energy of ESI-produced ions can depend on solvent composition [49] , this dependence occurred when one of the components (glycerol) of a binary mixture had considerably lower volatility than the other (water) [49] . The near constancy of df, as shown for the two solvents used here, suggests that between solvents of comparable vapor pressure, the internal energy of ESI-produced ions is similar.
One concern when determining affinity constants from direct intensity measurements is that solvent evaporation during ESI skews the results for the ESIresponse factor G and ␤ 1 because the analyte concentration in the droplet increases with solvent evaporation. We tested this computationally by increasing the concentration [Lig] T to values above the experimentalsolution concentrations and evaluated its effect on G and ␤ 1 by using eq 8 together with equations 6a and 6b. An equation for [Lig] T for the specific case of monomerdimer equilibrium becomes
When a fit to the synthesized data is achieved, the resulting ␤ 1 is higher, but the resulting G remains nearly constant because it does not appear in the eq 8, which is the only equation where [Lig] T appears explicitly. This outcome might be anticipated by noting that the ␤ 1 -[Lig] product depends solely on the ␤ 1 -[Lig] T product, as can be seen by multiplying both sides of eq 8 by ␤ 1 . Because the K a 's determined by this mass spectrometric method are in reasonable agreement with literature values, we conclude that the concentrating effect of the ESI process does not significantly affect the affinity-constant determination. It may be that the ESI process occurs faster than the shift in the monomer-dimer equilibrium. We reported earlier that there were no concentrating effects for gramicidin when electrosprayed from organic solvents under similar experimental conditions [8] , and Kebarle and coworkers [23] arrived at the same conclusion for the nanospray of protein-ligand complexes from aqueous solutions.
We wish to compare the outcome of the method we report here with that of the one-signal method [34] that determines K a by relying solely on the absolute intensity of the complex as a function of added ligand amount. We implemented this one-signal method and found that it gave a K a that does not agree with the results calculated previously or reported in literature [43] (a comparison is in Table 1 ). It may be that there is insufficient charge on the ESI droplet to charge all the dimer molecules, and this would invalidate a simple relationship between the absolute intensity in the gas phase and the concentration in solution.
Robustness of the Model
That ␤ 1 and G appear together in the model signal functions (eqs 6a, 6b and 7), suggests that at first thought, we can discern only the ␤ 1 G product from the experiment data. The signal functions are shown in terms of the free ligand concentration. The comparison between model and experimental data for the purpose of the fit, however, was made as a function of the Table 1 . Comparison of the association constant of gramicidin in n-propanol determined by using the model developed in this article, that from the model of Tjernberg et al. [34] , and that reported in literature [43] Method K a (M Ϫ1 ) Response factor HPLC and fluorescence spectroscopy [43] (1.5 Ϯ 0.2) 10 4 N/A Ratio of intensities (this report)
Absolute dimer intensity [34] (1.1 Ϯ 0.3) 10 9 (2.9 Ϯ 0.5) 10 3 HPLC, high-performance liquid chromatography; N/A, not applicable.
solution total ligand concentration. The consequence of this, for the current case of N ϭ 1, can be visualized by substituting the free ligand concentration [Lig] into the expression given in eq 7. The formal paring of ␤ 1 and G as a product is disrupted. The method of analysis is further assisted by the intermediate search level, which compares the normalized version of the model absolute total signal (eq 7) with corresponding experimental result. The shape of the absolute total signal is strongly influenced by G for moderate values and is strictly convex if ((1 ϩ df)G Ϫ 2) Ͼ 0, strictly concave if ((1 ϩ df)G Ϫ 2) Ͻ 0, and linear, otherwise. This can be seen from the expression of the second derivative of the absolute signal as shown in eq 9.
We tested the model to see if it is sufficiently well conditioned for the intended use by asking whether the model can simultaneously give both K a and G. If the number of variables is too large for the amount of experimental data or if K a and G are interrelated, we would expect the fit answers to be sensitive to start values. Within experimental error, a search converged to the same values (data not shown) when the start values were varied by 10, 20, and 50%, supporting the conclusion that there is a well-defined minimum for the parameters.
We also tested the model by evaluating its sensitivity to the concentration of gramicidin. To perform the robustness tests, we chose the model parameters K a and G to be 3 ϫ 10 5 and 6, respectively, and a df of 0.16 and synthesized the intensity ratios for various analytical concentrations to obtain a "synthetic" titration curve. The analytical concentrations were then perturbed by increasing and decreasing the values by 5, 25, and 50% of the values used in the synthesis. The resulting tables of concentrations and intensity ratios were fit to obtain new affinity constants (results in Table 2 ). Although the K a values vary, they differ only by a small extent, similar to the variations in concentration even when concentrations had been perturbed by 50%. The model is, thus, quite robust with respect to errors in concentration. Gabelica et al. [35] , in their development of a mass spectrometric method for affinities, found that their method requires accurate equimolar mixtures of the reactants be varied to achieve changes in mass spectrometric signals that they relate to variations in solution. They reported that when the concentrations are not equimolar or vary by 10%, their model returns K a values that can change by two orders of magnitude.
To test whether the model would be robust if only a fraction of the dissociated dimer was detected in the monomer signal, we synthesized data with the set of parameters used for the aforementioned concentration tests, but now assumed that only a fraction of the dissociated dimer is incorporated into the monomer signal and the rest is not detected. The synthesis was done, for example, where only one-third of the dissociated dimer was detected by replacing 2df in eqs 6a and 6b with 2df/3. When the search converged for these data sets, the model compensated for this by decreasing the df by approximately the same fraction and keeping K a and G constant. This shows that the assumption that all dimer must dissociate into detectable monomers is not crucial for the calculation of K and G but does affect the determination of df.
ESI-Response Factor and Implication for ESI
Is there a physical meaning to the ESI-response factor and why is the ESI-response factor four times larger for the dimer when sprayed from n-propanol than from ethanol? These are two important questions. A response factor that is greater than 1 indicates that the dimer ionizes better by ESI and is expressed better in the gas phase than is the monomer. The sensitivity to solvent, however, is much larger than the variation of the dielectric constant or the surface tension of the two solvents. Although n-propanol has a lower dielectric constant and higher surface tension than ethanol, these properties are different from those of ethanol by factors of 1.2 and 1.1, respectively. Although these factors may play a role in the differences, they can not play a major role.
For gramicidin, dimerization causes concealment of hydrophilic centers [9 -11] . Thus, the dimer, which is more hydrophobic than the monomer, should rise more readily to the surface of ESI-produced droplets [28, 29] and be ionized with more facility, causing the ESIresponse factor G to be greater than 1 for both ethanol and n-propanol. To explain the difference between the response factors in n-propanol and ethanol, we suggest that because n-propanol has a higher boiling point than ethanol, it evaporates more slowly in the ESI process. Its droplets live longer, providing more time for the dimer to concentrate on the surface and produce a higher ESI-response factor. All the trials returned a value of 5.7 for the ESI-response factor and 0.16 for the dissociation factor.
Conclusion
The affinity constants for self-association of gramicidin in two solvents (ethanol and n-propanol), as determined by the mass spectrometric approach outlined in this article, agree within a factor of two with those determined by HPSEC and fluorescence. This approach may be useful for determining affinity constants for other self-associations, including those of proteins, when an assumption can not be made about the sensitivity factor. The changes required for adaptation to protein-ligand or protein-protein binding are minimal and become obvious when the equations in this article are compared with those made in the development of PLIMSTEX [44] . In dealing with protein-ligand interactions, two degrees of freedom can be achieved in the procedure by keeping the protein concentration constant and varying the ligand concentration or by keeping the ligand concentration constant and varying that of the protein, similar to an approach we described elsewhere [36] . This approach may give better values for the sensitivity factor and the equilibrium constant when a dissociation factor is incorporated into it. Nevertheless, the approach, like all approaches that deduce affinity constants from mass spectrometric signals, has a drawback. We must assume that the ratio of the mass spectrometric intensities represent ratios of concentrations in solution even though mass spectrometric absolute intensities are not strictly proportional to solution concentrations (i.e., S j k[M jϩ1 ]). This means that the detector shows no discrimination of the complex to the monomer, which may not be true for a multichannel plate (MCP) such as that used in the mass spectrometer employed here. Although this drawback exists, the approach developed for gramicidin, unlike the absolute intensity method of Tjernberg et al. [34] , should work over a wider range of circumstances. Furthermore, this approach is more tolerant to errors in concentration than the method of Gabelica et al. [35] .
This approach may also be useful for studying the ESI process. Systematic studies of equilibrium systems may give trends of G and df values that may be useful in probing ionization mechanisms and seeking "ideal" ESI systems that give G ϭ 1 and df ϭ 0.
